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LOW-SEIZIDWAKECHARACN3KCSTICSOFTWO-DIMENSIOWKCASCADE

ANDISOLATEDAIRFOILSECTIONS

BySeymourLiebleinandWilliamH.Roudebush

Ananalysisofthelow-speedwakecharacteristicsoftwo-dimensional
cascadeandisolatedairfoilsectionsispresented,based’onavailable
experimentaldataandsupplementarytheory.Empiricalandtheoretical
variationswithdownstreamdistanceofsuchwakepropertiesasminimum
velocity,formfactor,momentumthickness,fullthickness,andtotal-
pressurelossarepresented.Informationisalsoincludedtocorroborate
theoreticaltotal-pressure-lossrelationspresentedpreviously,toconvert

l-i area-averagedlossestomass-averagedlosses,andtoindicatedownstream
A variationsinairoutletangle.
o

Theanalysisindicatesa generalsimilaritybetweenturbulentcas-
cadeandisolatedairfoilwakecharacteristics(exceptinthevariation
ofmomentumthickness).Theprincipalresultoftheanalysisisthe
observationthatthereenergizingofthewakedownstreamofthebladeis
veryrapid.Themajorpertofthemixinglossendthechangesinwake
characteristicsOCCU within; to~chordlengthbehindtheliladetrail-
ingedge.

IN13301XJCIIOlT

Animportentaspectofcurrentcompressorresesmhisthedetermina-
tionandpredictionoflossesacrossaxial-flowbladerows.Asanini-
tialstepinthispursuit,attentionhasbeencenteredonthestudyof
thebasicprofilelossofbladesectionsinlow-speedtwo-dimensional
flow.Ithasbeenshowntheoretically(refs.1 to4)that,undercertain
hypotheses,thelossintotelpressureacrossa cascadeofbladeprofiles

. canberelatedtothecharacteristicsofthewakeformedbytheblade-
surfaceboundaryleyers.Inperticular(ref.1),itwasshownthatthe
principalwakecharacteristicsinvolvedinthedeterminationoftheloss
intotalpressurearethemomentumthicknessandtheformfactor.Itwas‘,
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2 IiMATN3771.

“ furthershownthatthesetwopsmmetersaresignificantforthecorrela- .&
tionofcascadelossdata.A fundsmentalknowledgeofblade-wakechar-
acteristicswasthereforefoundtobe desirablefordetailedanalysisof
profilelosses.A studyofbladewakesisalsodesirablebecsnseitcan -“
addtothegenerallrnuwledgeofviscousflowacrosscascadesectionsand .
maybeusefulinunderstandingandanalyzingblade-rowinteraction
effects.

Thepresentreportisconcernedwiththegeneralnatureofthewake
downstreamoflow-speedtwo-dimensionalcascadesections.Inparticular,
thevariationofcertainpropertieswithdistancedownstreamofthetrail- i
ingedgeisstudied.Empiricalortheoreticalvariationssredetermined
forsuchfactorsaswakeminimumvelocity,formfactor,momentumthickness,
fullthickness,total-pressureloss,andratioofmass-averagedtosrea-
averagedloss.Theanalysisisbasedonavailableexperimentaldataand
ona~l~le orderived&eoryforbothisolatedand
sections.
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SYMEQLS

constantsinequationforminimumvelocity

liftcoefficient

chordlength,l%

factorsinequationsfor

wakeformfactor,b*/e

constantinrelationfor

analyticalvelocity

wakefullthickness

incidenceangle,anglebetween
toblademeancenberlineat

wakepseudoenergy

wsk’epseudoenergy

~onent inpower

coordinatenormal

totalpressure,

averageddefect

.

factor,k~e

&scadeairfoil

profiles(tableIII)

inlet-airdirection
leadingedge,deg

thickness,ft

velocityprofilerelation(t&ble

tooutlet-flowdirection,ft

xb/sqft

intotalpressure,lb~sqft

andtangent

III)
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staticpressure,lb/sqft

bladespacingnormal

bladespacingnormal

undisturbedvelocity

airvelocity,ft/sec

to

to

of

axial. direction,ft

outlet-flowdirection,ft

isolatedairfoil

coordinatealongoutlet-flowdirection,ft

ratio—
6
()-Z-

coordinatenormaltoaxialdirection,ft

coordinateinsxialdirection,ft

angleofattack,anglebetweeninlet-airdirectionandblade
chord,deg

airangle,anglebetweenairvelocityandaxialdirection,deg

wake

wake

wake

wake

mass

fullthickness,ft

displacementthiclmess,ft

momentumthickness,fi

()eamomentum-thicknessparameter, —z Cosp

density,lb-sec2/ft4

solidity,C/s

total-pressure-losscoefficientbasedonoutletfree-stream
(AF)x

velocity>~
~ Pv:,x

(m.total-pressure-losscoefficientbasedoninletvelocity,~
~ pv;
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A
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n

te

u

x
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z

o

1

2

m

areaaveraged

lowersurface

massaveraged

minimum

normaltooutlet-fluudirection

planeoftrailingedge

uppersurface

arbitraryoutletlocationdownstreamoftrailingedge

normaltosxialdirection

alongsxialdirection

freestream

inlet

outletmeasuringstation

fardownstreamwherecompletemixinghastekenplace

DATACUCUU!TIOI$S

The~erimentaldatausedforthecorrelationofwekecharacter-
isticsoftwo-dimensions3airfoilsectionswereselectedfromthree
sources:(1)two-dimensionalcascadetests,(2)isolatedairfoilin-
vestigations,and(3)mean-radiusregionofaunul=cascadeswithcon-
stantannularareaacrossthebladerowandfree-vortexblading.such
annularcascadeswereconsideredacceptableforprofilecorrelations,
sinceessentiallyequslinletandoutletaxialvelocities(asinthetwo-
dimensionalcase)areobtainedatlowspeed.Possibleend-fluworradial.
floweffectsaremitizedbyrestrictingthedatatothemean-radius
region.Furthermore,onlyannulardataforwhichnostrongcircumferen-
tialvariationsoftotalpressureexistedattheblade-rowoutletwere
used..Informationconcerningthevariousairfoilsectionsconsidered
andthevarioustunnelsusedisgivenintablesI and11.

Completewakedataatvaryingdistancesdownstreamoftheblade
werenotavailableforcascadesections;resultingcorrelationsforthe
cascadesections%&e obtainedfroma successionofdiscretedatapoints

— .—.. —. ..— .. — -——---
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L fromvsrioussources.(Althoughmeasurementswereobtainedatseveral
downstreamstationsforcascadesection7,itwasnecessarytotreat
thesedataasdiscretepointsbecauseofsmallvariationsinincidence
angleandanuncertaintyinthedeterminationofthelind.tsofthe
wake.)

Whereverpossible,wekecharacteristicswerecomputedfromtheex-
perimentalwake-velocitydistributionsobtainedfrommeasurementsof
totalandstaticpressures.Inthecascadetests,traversesoftotal

8
pressureweremadeeitheralongplanesnormaltotheaxialtiectionor

* normaltotheoutlet-flowdirection(fig.1). Inbothcases,static
. pressureandflowangleareconsideredtobeconstantacrossthecascade

bladeSp8CiIl&Forisolateddrfoils,however,variationsinstatic
pressureoccurnormaltotheoutletflow.“Rree-streamnvelocitiesat
theedgeofthewakeofisolatedairfoils(asdeterminedlythedecrease
intotalpressure)sreconsequentlydifferentfromtheundisturbedveloc-
ity.Two-dimensionalincompressibleflowisassumedthroughoutinthe
datacalculationsandintheanalysis.

Anillustrationofa typicalwakevelocityprofileanddefinitions
ofthevariouswakepropertiesusedintheanalysis”areshownasfunc-
tionsofdistancenormaltotheaxialdirectioninfigure2. Thespecific
assumptionsinvolvedintheoutlet-flowmodeloffigure2 aregivenin
appendixA. Correspondingwakepropertiesina planenormaltotheoutlet-

* flowdirectionforcascadesareobtainedbyreplacingy by n,s by
snjandbydeletingthesubscripty forallwakequantitiesinfigure2.
Allwakepropertiespresentedinthisreportarevaluesinplanesnormal
totheoutlet-flowdirection.Valuescomputednormaltotheaxialare
correctedtoplanesnormaltotheoutletflowbymeansofthecosineof ‘
theanglebetweentheoutletdirectionand
6 = eyes p).

ANALYSIS
Thewakeofa bladesectionisformed

theupperandlowersurfacesoftheblade,

thecascadeaxis(e.g.,

fromtheboundarylayerson
asshuwninfigure1. Down-

streamofthetrailingedge,thewakeiseventuallyreenergizethrough
mixingbetweenthewakeandthefree-streamflow.Inasmuchasa lossin
totalpressureisinvolvedinthemixingprocess,theultimatetotalpres-
sureata stationfardownstreamwhereconditionshavebecomeuniformwill
belessthanatthebladetrailingedge.Thedifferenceintotalpressure
fsxdownstreamandatthebladetrailingedgeisreferredtoasthemixing
loss.

As thewakeisreenergizedownstreamoftheblade,thevelocity
profileinthewakechanges.Inparticular,theminimumvelocityin
thetroughofthewakeandthewidthofthewakeincreaaewithdistance

. —... —.—- —-.— —— — —. - -— .—-— —- .—.--
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downstreamofthebladetrailingedgeuntiluniformconditionsare
,*

finallyobtained.Concurrently,changesintheotherpropertiesofthe
wakesuchasformfactorandmomentumthicknesstskeplaceasdownstream
distanceisvaried.

f,’
Althoughtherateatwhichabladewakeisreener-

gizeisrecognizedtodependtosomeextentuponsuchadditionalfac-
torsastheinitialstateofthewake,thefree-streamturbulencelevel,
theReynoldsnuuiber,andtheflowMachnumber,thesefactorssrenot
consideredinthepresentanalysis.

WakeMinimumVelocity

Am easnreoftheintensityofthevelocitydefectinthewakeis
givenbythedownstreamvariationofthewakeminimumvelocity.Theo-
reticalstudiesofgeometricallysimilerlaminar-wakeprofilesbehind
solidbodies(asdiscussedinref.5)haveshownthat,atsomedistance
downstreamofthebody,theratio
itytofree-stresmvelocity)will
relations:

or

V~VO (ratioofwakeminimumveloc-
varyaccordingtothefollowingtwo

b)-1/2- d(~+b)-l (1)

.

(2) “

wh~e a,b,md d me constants,c isthecharacteristiclengthof
thebody,end x isthedistancedownstreamofthetrailingedgeofthe
body.Inreference5 thevariationof Vti~Vo inthelaminarwakeof
theflatplate(oflengthc)iscomputedasshownbythedashedlinein
figure3.

=sis ofturbulentwakeflow(refs.6 and7)hasalsoindicated
thattheminimumvelocityratiointhewekeofsolidbodiescanbe ap-
proximatedintheformofequation(2).Reference6 showsthattheex-
perimentalrecoveryofthewakeminimumvelocityofseveralisolated
airfoilscanbedescribedbyequation(2)with a = 0.1265and
b = 0.025.Thevariationofminimumvelocityratioobtainedisshownby
thesolidcurveinfigure3. Asexpected,highervaluesofrecoveryare
obtainedfortheturbulentwake.Therateofrecoveryoftheminimum
velocityinthewake,however,isseentobe atamsximumimmediately
behindtheairfoiltrailingedgeinbothcases.

.-— —..-. .-— -— ——.—— ------- -—-— .-— --—
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, A plotofthevariationof~erimentalwaketinimumvelocityratio
withchord-lengthdistancedownstreamofthetrailingedgeisshownin
figure4 foravailableisolatedandcascadeairfoildata.Thecascade
airfoildataareindicatedbythesolidsymbols.Onlysmooth-surface
datawereusedfromthevariousisolated--foilreferences,andfree-
stresmvelocitiesarethoseattheedgeofthewake(generallylessthan
u). Thedatapresentedinfigure4 covera rangeofblade-chordReynolds
numbersfromabout1X105to5X106(seetable1),andthereforerepresent
turbulentwakes.Theturbulent-wakedataoffigure4 confirmforboth
cascadeandisolatedairfoilsthepreviouslyindicatedrapidmixingof
thewakeimmediatelydownstreamofthetrailingedge(fig.3). Approxi-
mately80percentofthevelocityattheedgeoftheboundarylayeris
recoveredwithinshout0.2to0.5chordlengthbehindthetrailingedge
forboththeisolatedandthecascadeairfoils.

Twolimitingcurvesintheformofequation(2)fortheisolated
airfoilsareshownbythedashedcurvesinfigure4. Constantsforthe
uppercurvearegivenby a = 0.075,b = 0.020,andforthelowercurve
by a= 0.130and b = 0.025.Thelowerlimitingcurvefortheisolated
airfoilinfigure4 mayalsoserveasa reasonableaveragecurveforthe
limitedcascadedata.Althoughtwodatapoints(blade7 at x/c= 0.1
andblade3 at x/c= 0.46)appearnoticeablyhigherthanthiscurve,
theindicateddeparturefromthecurveisnotconsideredsignificant.
Inbothcases,themagnitudeoftheminimumvelocityinthewakeisnot

. conclusivelyestablished,enditisconceivziblethatthetruevaluesof
Vtin msybe somewhatlessthanindicatedbythelimitedprofiledata.
A representativevsriationofminimumvelocityforthecascadeairfoil
isthereforeconsideredtobe .

‘tin ~~= - 0.4$+0.025)-’/2 (3)

Thevalidityofequation(3)fordeterminingtheminimumvelocity
ratioofa cascadesectionat x/c= O issomewhatuncertainbecauseof
thecomplexnatureofthewakeflowintheregionofthetrailingedge.
Forcascadesectionswithconventionaltrailing-edgethickness(1to3
percentofthechordlength),strongcomponentsofflownormalto.the
mainflowwillmostlikely~st immediatelybehindthetrailingedge.
Insuchcases,measurementsintheplaneofthetrailingedgewith
conventional-sizepitot-typeinstrumentswillrevealsomeaverageminimum
velocitywhichwillnotgenerallybezero.Fortheisolatedairfoils,
chordlengthsarelarge(20to60in.)andtrailing-edgethicknessesare
practicallyzero,sothatsmoothflowandwell-definedzerominimumve-m
locitiesareobtainedexperimentallyatthetrailingedge.

. . . . . . -------- -—— — ——.-—— ...-. —. . —.—- ——. —.——
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Informationconcerningthe
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FormFactor *

variationofthewakeformfactorwith b
distancedownstreamofthetrailingedgehasbeenobtainedfortheiso-
latedairfoilandtheflatplateinreferences6 and8,respectively.
Reference6 showsthatthevariationofturbulentformfactorwithdis-
tancedownstreamforisolatedairfoilscanberelatedtothevsxiation
ofthenrhdmmm-velocityratioasgivenbyfigure3. Itisshowninthat
referencethattheformfactorH canbeexpressedaccordingtothe
followingrelation:

..*=(-&j~&y2 (4)

where~e isthevalueoftheformfactoratthebladetrailingedge
and b istheempiricalconstantobtainedfortheminimum-velocity
variationineqpation(2).

Inreference7,thetheoretical.downstreamvariationof H forthe
laminarwakeoftheflatplatewasdeterminedfromtheresultsofrefer-
ence5. Variationsof H with x/c forthelaminsxwakefromreference
7 andfortheturbulentwakefromreference6 (fromeq.(4)with
b = 0.025)areshowninfigure5. Wakeformfactorisseentodecrease
rapidlyimmediatelybehindthetrailingedgeandtoapproachasymptotically-
a valueof1 fardmnstreamoftheblade.

Experimentalvaluesofwakeformfactorexeshowninfigure6 as
functionsofchord-lengthdistancedownstreamofthetrailingedgefor
availableisolatedandcascadeairfoils.Alsoshowninthefigureare
valuesof H determinedfromthetheoreticalrelationofequation(4)
forthelimitingvaluesofconstantb determinedfromtheexperimental
correlationoffigure4. Theupperlimitingcurveinfigure6 repre-
sentedbya formfactoratthetrailinge~e we of2.8~ b = 0.025
isshownbytheu~er dashedline,andthelower&shedlinerepresents
a lowerlimitingvaluewith ~e = 1.4 and b = 0.020.Theavailable
expmimentaldatafallwithinthesetwolimitingcurves.Thegeneral
relationfor H givenby equation(4)isthusindicatedtoberepresent-
ativeoftheactualvariationofformfactorfortheturbulentwakesof
bothisolatedandcascadeairfoils.

AU empiricslvariationofformfactorwithdownstreamdistancecan
thusbeestablishedfromfignre6 forcascadesectionsonthebasisof
equation(3)usinga vsluefor b of0.025togive d

(5)

-- —---— -—- -— .-
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Calculatedvaluesoftherepresentativevariationof
ingtoeqyation(5)areshownbythesolidcurvesin
rangeofvaluesofformfactor~e atthetr~liu

9

formfactoraccord-
figure5 fora
edge.Forvalues

ofchord-lengthdistancegreaterthanabout0.4,regardlessoftheini-
tialvalueof ~e, thelocalveluesofformfactorarelessthan1.2.
Specifically,theform-factoreqyationwasoriginallyderivedforeach
legofthewake.However,thedatapresentedhere,aswellasinthe
-Sis Ofreference6,indicatethattheresultswillbeapplicable
fortheentirewake.

Inreference1 itwasindicatedthatthewake-momentum-thickness
ratioe/c canbe computedfromreportedvaluesof~erimentaltotal-
pressure-losscoefficient,ifthewakeformfactorislmownorassumed.
Therepresentativecurvesoffigure5 canbeusedintheform-factor
assumption.Ata givenmeasuringstationsufficientlyfardownstreamof
a cascade(e.g.,x/c greaterthan0.5),theresultsoffigure5 indicate
thatthevariationof H tithinitialvalueof ~e atthetrailing
edge,andthereforewithangleofattack,isnotlarge.Thisresult
suggeststhat,for
inthecalculation
thecompleterange

simplicity,a constantvalueof H maybeconsidered
of (3/cfromthemeasuredtotal-pressurelossover
ofangleofattack.

WakeMomentumThickness

Thee~erimentalvariationofwake-momentum-thicknessratioe~c
withchord-lengthdistancedownstreamofthetrailingedgeisshownin
figure7 fortheavailableisolatedandcascadeairfoildata.Forthe
isolatedairfoil,a generaldecreasein @/c isobservedwithdownstream
distance.However,fortheonecascadedatacurve,a slightlyincreasing
trendisindicated.Itwasconsidereddesirable,therefore,toinvesti-
gatethepossibilitythatabasicdifferenceinthegeneral13/cagainst
x/ccharacteristicsofisolatedandcascadeairfoilsmayexist.

Theequationforthevariationofthemomentumthicknessofthe
wake 0 isobtainedfromtheconventionalboundary-lsyermomentumequa-
tionwithzeroshearstressas

d6 e dVO—=-(H+2)~~
ax (6)

whereV. isthevelocityattheouteredgeofthewake.?Rromequation
(6),itisseenthat e willincreaseif V. decreasesandwillde-
creaseif V. increases.Intheflowacrossisolatedairfoils,the
wake-outer-edgevelocityattheairfoiltrailingedgeisgenerallylower

------- -.----—- ..—— .— ----- ..— -—-—— --- — . ...- ... ..
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thantheundisturbedvelocity.Thewake-edgevelocitythenincreases
withdownstreamdistanceuntilitasymptoticallya~roachestheundis-
turbedvelocityata theoreticallyinftiite&Mance downstream(refs.
8 to10).Typicalvariationsofwake-edgevelocityforisolatedair-
foilsareshowninfigure8. Thedecreasingvariationof O/c with
x~c fortheisolatedairfoilis,th~ore, understan&ibleonthebasis
ofeqystion(6).

Forthetwo-dimensionalcascade,ifthefree-streamvelocityis
essentiallyconstantinthey-tiectionbetweenthewakesatalldown-
streamyositions(asisgenerallyborneuutbyexperiments),Itcanbe
shownfromcontinuityconsiderationsthatthefree-streamvelocityat
theedgeofthewakewilltendtodecreasewithincreasingdistance
ratherthanIncreaseaainthecaseoftheisolatedairfoils.Forexam-
ple,considerthesimplecaseofanunstaggeredcascadeofairfoils
(P1= 0)atspacings. 5e continuityequationbetweentheplaneof

.

f

lb

8

thebladetrailingedge(subscriptte)andfardownstreamwherethewake
hasmixedandtheflowiscompletelyuniformacrosstheentireblade
spacing(au’’scriptco)isgivenfortwo-dimensionalincompressibleflow
by (fig.1)

Fortheassumptionofuniformfree-streamvelocitybetweenthewakes,
theintegralintheequationisequaltothedisplacementthidknessof
thewake b~e(fig.3). ThusZtheratiooffree-streamvelocityatthe
trailingedgetofree-streamvelocityfardownstreambecomesa simple
functionoftheratio
edgetobladespacing

ofwakedisplacementthicknessatthetrailing

‘O,te=
VQY 1- (&e/s)

(7)

Valuesof V..JV= asfunctionsofdisplacement-thicknessratioare-,–_
showninfigure9. Thereforethecascadefree-streamvelocitymustde-
creasewithdownstreamdistancefortheseassumedflowconditions.A
correspondingincreasein e/c with x/c shouldthenbeobtainedfor
thecascadeaccordingtoequation(6).

Actually,thevariationof (31cwith x/c resultingfromthecas- ,
cadecontinuityeffectcanbedeterminedquantitativelyfromthetheo-
reticalflowmodeloffigures1 and2. InappendixA,theoreticalrela-
tionsarederived(fromthecontinuityequationandtheequationsof .,

.— .——— —— _ .——
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momentumintheaxialandtangentialdirections)forfindingthelocal
momentum-thicknessratio8/c asa functionofthelocalformfactorH
forfixedconditionsof u,(G/c)te,~e, and ~te.Then,fromtheana-
lyticalvariat$onof H with x/c givenbyequation(5),a correspond-
ingrelationfor 19/caaa functionof x/c isobtained.Calculated
variationsof 0/c areshowninfigure10fora rangeofvaluesof a,
%e~ (e/c)te~and ~te”Forunstalledcascadeflow((6/c)te<0.02;
HteS2.0,approx.),theincreaseinwakemomentumthicknessduetothe
simplifiedcascadecontinuityeffectisindicatedtobe small.Mostof
theincreaseoccursimmediatelybehindthetrailingedgewherethechange
informfactor,and,therefore,indisplacementthickness,isthe .
greatest.For x/c>O.2verylittlefurtherchangein t3/coccursfor
anysetoftrailing-edgeconditions.

Althoughuniformflowisgenerallyobserveddownstreamofthecas-
cade,itisrecognizedthatflowgradientsinthey-direction~ occur

ti intheimmediateregionofthetrailingedge.Suchgradients- alter

3 theinfluenceofthecontinuityeffectonthewake-edgevelocityvaria-
tionandmakethepredictionofthe e/c variationuncertaininthere-N

A gionofthetrailingedge.Ingeneral,fora givenairfoilsection,the
o vsriationof e/c willbe a resultoftheconibinedeffectsofthecon-

tinuityconditionandthenormeJ.static-pressurevariations.According
toconsiderationofthedownstreamvariationofmixingloss,asindicated

. ina latersection,however,itislikelythatsomeincreasein e/c
doesoccurimmediatelydownstreamofthetrailingedgeina realtwo-
dimensionalflow.Additionalqerimentelanalysisisnecessarytocon-
clusivelyestablishthevariationof e/c forthecascade.

WakeFullThickness

Thefullwidthofthewakeisgenerallyconsideredtobetheextent
oftheregionwherethetotalpressureshowsa defect.
purposesintheanalysis

Forpractical
,thewakelimitswerearbitrarilybasedonthe

pointswherethevelocityinthewakewasegywilto0.995ofthefree-
streemvelocityforthesectionsforwhichoprofiledatawereavailable.
Thedownstreamvariationofexperimentalwake-full-thicknessratio6/c
obtainedfortheavailabledata(onlyisolatedairfoildatawereavaila-
ble)isshowninfigureU(a). Accordingtothesedata,theapproximate
relationb/coc(x/c+ h)l/2obtainedfromturbulent-waketheory(refs.
7 and9)doesnotappeartobe validfor x/ccl.

Theplotoftheincreasein 5/c downstreamofthetrailingedge*
showninfiguren(b) indicatesthata singlecurvemaybeobtainedto
approximatethedownstreamincreaseinfullthickness.A simpleempiri-
calrelationfor 8/c upto x/c= 2 canthenbegivenas
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(;)x=(:).e’0*w2 (:~”7’ (8)

Theempiricalvariationforincreasein b/c isshownbythedashedline
infiguren(b).

Althoughtheabsenceof~erimentaldatapreventsanyconclusions
concerningthefulL-thiclmessvariationofthewakesofcascadesections,
itisbelievedthattheempiricalincreasein 5/c derivedfromthe
isolated-airfoildata(fig.U(b))mayslsoberepresentativeofthecas-
cadeairfoilforequivalentvaluesoftrailing-edgefullthickness.This
beliefisbasedontheobservation(establishedfromtheplotsofwake
minimumvelocityandformfactorinfigs.4 and6)thatthemtilngproc-
essesinthewakesofconventionalcascadeandisolatedairfoilsare
similar.However,~erimentalevidenceisnecessarytoestablishthe
trendforthecascadeairfoil.

.-

AirOutletAngle
Anotherimportantpropertyofthecascadeflowthatisaffectedby

thedownstreamvariationofthewakecharacteristicsistheairoutlet
angle.Fortheassumedflowmodel(fig.2 endappentiA),conservation
ofmomentuminthey-directionrequiresthattheairoutletangleBx
increasewithdistancedownstreamofthehailingedgeaccordingtoeqya- “
tion(JU9)ina~endixA. Calculatedvariationsof & with x/c are

8showninfigure12forseveralvaluesof j3te,te,and Hte.According .
tothesetheoreticalresults,essentiallynodownstreamchangesinair
outletangleshouldoccurduetothecascadeconttiuityeffectforloca-
tionsbeyondabout~ c.hordlengthbehindthetrailingedge.

Total-l&esSureLoss

Accordingtothetheoreticaldevelopmentsofreference1,thetotal-
pressure-losscoefficientina planeatanarbitrarydistancex down-
streamofthetrailingedgecanheexpressedas

where8X= (e/c)=~/cosPx end(N3X isthemass-averagedlossin ?

totalpressureuptothearbitrarystationa(eq.(13)).Inequation(9)
itisseenthatifthevariationsof ~, Gx,and ~x canbedetermined :/’

.

. .—
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asfunctionsof
canbe computed

13

distancex/c,thenthecorrespondinglosscoefficient
asa functionof x/c:Anempiricalvariationof Hx

with x/c hasbeemestablishedreviousl.yinequation(5).Theoretical
equationsforthevariationof ix and flxaredevelopedin a~endix
A. Calculatedvariationsof 6X againstx/c,asshowninfigure13,
weregenerallysimilartothetheoreticalvariationsof (8/c)xshownin
figure10.

Calculatedvaluesofthedownstreamvariationoflosscoefficient
expressedintheform~,x(COS~t~cos~1)2,aso%tainedfromeqpation
(9),areshowni.nfigure14fora rangeofvaluesof ate>‘te$~d ~te●
Theseresultsshow,assuspectedpreviously,thata rapidriseintotal-
pressurelossoccursimmediatelybehindthetratlingedge.Accordingto
thesecalculations,approximately90percentofthemixinglosshasoc-
curredat~ chord-lengthdistancedownstreamoftheblade.

Theprimaryfactorgoverningthemagnitudeoftherelativeincrease
inlossisfoundtobethewakeformfactoratthetrailingedge.This
observationisdemonstratedinfigure15,whichshowsthevariationwith
x/c oftheratioofthelossatstationx givenby (Z@x totheloss
atthetrailingedge(M-)teobtainedfromequation(9)as

Inequation(10),6X and ~x wereobtainedfromthetheoreticaldevel-
opmentsofappendixA,and Hx wasobtainedfromequation(5).

Furthermore,it_isnotedthattheuseofdefinitionsoflosscoef-
ficientotherthan~,x maynotnecessarilyindicatetruedownstream
variationsofthelossintotalpressure.Forexample,a losscoeffi-
cientbasedonoutletvelocity& = (@~+Pvg,x isfrequentlyused
~ncascadepractice.Forthisdefinition;theratiooflosscoefficients
~%e isgivenby

% (AF)x 2

()

‘O,te
— = (&)te ‘O,x
&e

(11)

— . . . _ - . .—. . . ...—.—..—.. . ~ —. — — — ———. ———
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Since(VO,te/VO,x)willvarywith x/c(therelationbetweenVo,x and u

Vo,te asa functionofwakecharacteristicsisobtainedfromeqs.(A12)
and(A15)inappendixA),a trueratiooftotalpressureswillnotbe ,..
obtetnedwithdownstreamdistance. ~

Thevariationoftotal-pressurelossgivenbyegpation(9)canalso
shedsomelightonthequestionoftheprobabledownstreamvariationof
thecascadewake-nmmentum-thicknessratio,i3/c.Asindicatedpreviously
(fig.10),theoreticalcalculationsbasedontheassumedflowmodelfor
thecascederevealedanincreasein e/c immediatelybehind.theblade,
buttheLimited~erimentaldata(fig.7)werenotsufficienttoestab-
lishanytrendsinthisregion.Itispossibleneverthelesstointerpret
theexperimentaldataoffigure7 assuggestinga constantvalueof ejc
with X/C. Ifconstantvaluesof 0/c(inconjunctionwiththeempiricsl
variationof ~ (eq.(5))andthetheoreticalvariationof ~x areused
inequation(10),however,unrealisticvaluesoflossratioareobtained.
Itseemslikely,therefore,thatsomeincreasein 0/c doesoccurim-
mediatelydownstreamofthetrailingedgeintheactualtwo-dimensional
cascadeflow.

Mass-AveragedandArea-AveragedTotal-PressureDefect

In~erimentelcascadepractice,thelossintotalpressureinthe *
wakeatthemeasuringstationisoftenexpressedintermsofanarea
average,where

4

(12)

Intheoretical
totalpressure

analysesofcascadelo”sses(ref.1,e.g.),thelossin
isexpressedintermsofamass-averageddefectgivenby

J’‘/2pvz(Po-P)dy
4= -s~2 s/2

J
Pv#Y

-s/2

(13)

Itisconvenient,therefore,todeterminethevariationoftherelation
betweenmassandareaaveragesoftotal-pressuredefectwithdownstream
dist~cesothattheavailableexpertientaldataandtheoreticalrela-
tionscanbereadilycomp=ed.

.

80

r,

.

-— - —— -— -. ..—-——— — -— .
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Aninsightintothecomparisonofthetwoaveragingmethodswasob-
tainedbyinvestigatingtheratioofmass-averagedtoarea-averaged
total-pressuredefectofseveralrepresentativeanalyticalwakevelocity
profilesshowninfigures16(a)to (d).Equationsforthevelocitydis-
tributionV/V. ineachwakeprofilearegivenintableIII. (Thewake
profilesaresymmetricalaboutthepointofminimumvelocityat.

/(3)Y=y ~ = 0.} Thegeneralequationfortheratioofmass-averagedto

area-averageddefect(@~(~-)Ajhenceforthc~ledtheaver- ratioj
isdevelopedinappendixB,andthespecificequationsobtainedforeach
velocityprofilearelistedintableIII.

Thetheoreticalaveragingratio,asindicatedintableIII,depends
onthemagnitudeoftheminimumvelocityratioVti#lo“andtheratio
~/sn ofthewakefullthickness~ toanyarbitraryspacinginterval.
Sn normaltotheoutletflow.Calculatedvariationsoftheaveraging
ratioagainstwake-minimum-velocityratioareshownfortheanalytical
profilesinfigure17(a)fortwovaluesofthefull-thicknesstospacing
ratioB/sn.Itisseenthatfinitevaluesofaveragingratioareob-
tainedinthe-limitas 5+0 or sn+=(b/sn=0).

. Theeffectofthewakefull-thicknesstospacingratioontheaver-
agingratioisshowninfigure17(b),whichshowsa plotofthevariation
oftheaveragingratioasanarithmeticaveragevalueofallfourpro-
filesagainst6/~. Infigure17(b),theaveragingratioisexpressed
astheratioofthevalueoftheaveragingratioatany 5/~ tothe
valueofthearbitrarilyselectedreferenceaveragingratioat
8/Sri= O.

~erimentalvaluesofaveragingratioaxeshowninfigure18(a)
fortheavailablecascadeandisolatedairfoils.Forthecascadeair-
foils,theintervaloverwhichthelossintegrationswereconductedwas
takenequaltothenormalspacingbetweenblades(sn infig.1). For
theisolatedairfoil,theintervalofintegrationwaiarbitrarilytaken
betweenthepointswheretheoutletvelocityattainedthefree-stream
value.Inkeepingwiththepreviousdefinitionofwakefullthickness,
thewidthofthewakewasestshlishedatthepointswherethewake V/V.
attaineda valueof0.995.Thus,fortheisolatedairfoils,theratio
3/snwassomewhatlessthan1. Alsoshowninthefigurebythedashed
linesarethecalculatedvariationsofaveragingratiodeterminedforw representativeanalyticalprofilesforlimitingvaluesof 5/~ obtained
intheexperimentaldata.

_- . ..- ...— . .. —. —.. — ———-— - ——— —.-. - - —.
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Theexperimentalvaluesofaveragingratio
rectedtoa commonreferencevalueof 5/sn= O

lIAcATN3771

infigure18(a)werecor-
hydividingthe

averaging-ratiovaluesoffigure18(a)bytheappropriateratiosofthe .,

averagingratiogiveninfigure17(b).Thecorrespondingcorrectedval-
uessreshowninfigure18(b).Itwaspossible,therefore,toderivea
satisfactoryempiricalvariationoftheaversgingratiowithminimum-
velocityratioforthereferenceconditionofzero5/~ asshownby
thesolidcurveinfigure18(b).

Derivedvariationsof (@~(~-)A overa completerangeoffull-
thicknesstospacingratioswerethenobtsinedfromtheempiricalcurve
foundinfigure18(b)for 5/sn= O inconjunctionwiththeaveraging-
ratioratiospresentedinfigure17(b),asshowninfigure19(a).
Furthermore,sinceminimum-velocityratioisexpressedanalyticallyas
a functionofthechord-lengthdistancedownstreamoftheblade(from
fig.4),theaveragingratioscanthenelsobe ~ressedasa function
ofchord-lengthdistancedownstreamfromfigure19(a)andequation(3),
asshowninfigure19[b).Thus,fromfigure19,iftheratioa/~ is
known(5/sn=~/s)andeitherthewake-minimm-velocityratio orthe
chord-lengthdistancedownstreamofthetrailingedgeisknown,theratio
ofmass-aversgedtoarea-averagedtotal-pressuredefectcanbedetermined.
Accordingtotheseresults,formeasuringstationslocatedbetween~ and
1 chordlengthdownstreamofthebladetrailingedge,theratioofmass-

*

averagedtoarea-averageddefectintotalpressureforconventionalcas-
cadesectionscanvaryfromabout0.88toabout0.95. .,

Inmostcases,theaveragingratioforthetotal-pressuredefect
presentedinfigure19willbeidenticaltotheaveragingratioofthe
totsl-pres~ure-losscoefficient.Forthelosscoefficientbasedoninlet
velocity%,x (definedineq.(9)),since(V~)M=(V~)A,

Ontheotherhand,forexample,ifa losscoefficientisdefinedas

(M–~/~Pfi where~ isthesxea-averagedoutletvelocity,theconver-
siontoa mass-averagedlosscoefficientwillalsoinvolvetherelation
betweenthereferencevelocitiesoftheerea-aversgedlosscoefficient
andthedesiredmass-averagedcoefficient.Theappropriaterelations
betweenthereferencevelocitieswillgenerallybeexpressibleinterms
ofthewakecharacteristicsfromconsiderationoftheflowmodelof
figure2.

— .—. .—- —-
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K-HRelationinTheoreticalLossEqpation

.

Inordertoobtainausefultheoreticaleqzationforlosscoeffi-
cientbasedonthewakecharacteristicsof $x and ~ only(asineq.
(9),e.g.),itwasconvenientinreference1 touseanapproximaterela-
tionbetweena pseudoenergyfactorK (fig.2)andtheformfactorH
determinedanalyticallyfromthepowervelocityprofileas

K=&+ (14)

Additionalewerimentaldataarenowpresentedtoinvestigatefurther
thevalidityofthisapproximation.

A comparisonofvaluesof.K againstH obtainedfromnumerical
integrationoftheavailableexperimentalwakevelocityprofilesand
fromtheoreticalcalculationsoftheanalyticalprofilesoffigures16(a)
to (e)sreshowninfigure20. The~erimentaldataweretakenatdown-
streampositionsforwhichthewakeminimumvelocityisgreaterthanzero
(x/cgreaterthan0.02).Equationsfor V/V. and K fortheseana-
lyticalprofilesaregivenintableIII.

Thefinalmeasureofthevalidityofthe K-H relationisobtained
froma comparisonbetweenthevaluesoflosscoefficientobtdnedfrom
thetheoreticalequationinconjunctionwithknownexperimentalvalues
of 8’and H,andthevaluesoflosscoefficientobtainedfromdirect
integrationofthetotal-pressuredefect.Losscoefficientscomputedby
thetheoreticalequation(eq.(42)inref.1)checkedwiththosedeter-
minedlydirectintegration(eqs.(2)and(40)inref.1)withinabout
~ percentfortheavailablecascadedataconsideredherein.The K-H
relationofreference1,therefore,constitutesa validapproximation
fordownstreamcascade-measuring-stationlocationsat x/c>o.02.

Intheplaneofthetrailingedge(x/c= O)wherethewakeminimum
velocityiszero,itwasfoundfromtheisolatedairfoilsthattheex-
perimentalK valuesweresomewhatlargerthanthevaluesinfigure20.
A differentH-K relationmaythereforeexistatthetrailingedgewhen
v~Jvo = o. However,iflosscoefficientsforcompletemixingarede-
sired,the K-H relationisofnoconsequencesinceonlythewake ate
snd Hte arerequired(ref.1).

SUMMARYOFREEULTS
9.

Intheprecedinganalysisofthelow-speedwakecharacteristicsof
two-dimensionalisolatedandcascadeairfoils,itisshownthatempirical
ortheoreticalrelationscanbeobtainedforthevariationofvarious

------ . .. . . . .-.— -——z —...—— —— ——.. . . —.-
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propertiesofthewakewithdistancedownstreamofthetrailingedge. u

Fortherangeofsdrfofigeometriesandflowconditionscovered,a simi-
larityofthewakedevelopmentsoftheisolatedairfoilandthecascade
airfoilwasobservedintheduwnstreemvariationofthewakeminimum n
velocityandwakeformfactor.However,anapparentregionofdissimi-
larityinthewakedevelopmentswasfoundinthevariationofmomentum
thickness.Boththeoryandlimited~erimentaldatatndlcatethatcas-
cadewakemomentumthiclmess intwo-dimensionalflowtendstoshowa
slightincreasewithdownstreamdistance,while,fortheisolatedairfoil,
wakemomentumthicknessdemeases.Ilbwever,additional~erimentaldata
arenecessarytoConclmively establish the momentgm-thicknessvariation 8
ofthecascadeairfoil.Dataweren@ avaikbletocomparethevaria-
tionsofwakefullthickness.

Theprincipalresultoftheanalysisistheobservationthatmost
ofthereenergizingofthewakeoccurswithina relativelyshortdistance
behindtheblade.Forexample,within* chordlengthdmnstresmofthe
Uade,the&perimentalminimumvelocityinthewakehasattained0.75to
0.85ofthefree-streamvalue,andtheexperimentalwakeformfactorhas
fallenoffto1.2orless.Thegreaterpsrtofthedownstreamvariations
inwakemomentumthiclmess,airoutletangle,and.mixinglossarealso“
indicateatooccurwithina shortdistancebehinatheblade.Forconven-
tionalsections,practicallytheentireadditionallossintotalpressure
misingfromthemixingofthewakeisincurretiwithin~ chord-length *

distancebehindtheblade.Theoreticalcalculationsshuwedthatthe
titresm increaseinlossresultingfimmthewakemixingisprimarily
a functionoftheformfactorofthewakeatthetrailingedge.

l@erimentallossdatawereutilizedtoverifythevalidityofone
oftheprincipalassumptionsinthetheoreticalcascadelossdevelopments
ofreference1,whichwereusedasthebasisofthetheoreticaldevelop-
mentsinthepresentreport.Theoryand~erimental.datawerealsoused
toderivevariationsoftheratioofmass-averagedtoarea-averagedtotal-
pressurelossasa functionofwakeminimumvelocityordownstream
Ustance.

comING REMARKS

Theresultsoftheprecedinganalysisofwakecharacteristicscan
findapplicationintheinterpretationandutilizationoftwo-dimensional
cascadedatainseverslrespects.Sincevsriationofmixinglosswith
downstreamdistancecanbelsrge,itisdesirableforpropercomparison .4
oflossesfromdifferentconfigurationstotakeintoaccountsnydiffer-
encesinmeasuring-stationlocation.Me=ements ofcascadeblade
lossesusuallytakenbetween~ to1 chordlengthbehinatheblade,accord- ‘
ingtothemixing-lossvt&iationsdeterminedin

.—.—. .—.—-.——- — —. -—-.
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practicallytheentiremixingloss.=hermore, itmaybedestiedto
utilizecascadelossdataobtainedata downstreamlocationtocorrelate
bladeboundary-layercharacteristicswiththevelocitydistributionor
velocitydiffusiononthebladesurfaces.Forsuchcorrelations,correc-
tionsforthedifferencesinwakeandlosscharacteristicsbetweenthe
measuringstationandthebladetrailingedgesshouldbe considered.The
deducedratiosofmass-averagedtoarea-averagedtotal-pressureloss
(fig.19)canbeutilizedincascadeinvestigationstopermitthereduc-
tionofthelossdataintermsofthesimplified=ea-averagedlosscoef-
ficientandthentoconvertthesedatatomass-averagedlosscoefficients
asindicatedbythederivedrelations.

Knowledgeofblade-wakecharacteristicsmsyalsobehelpfulincom-
pressorresearch.Althoughitisrecognizedthatsuchcompressorfactors
ascompressibilityandsecondaryandunsteadyflowswillinfluencethe
wakedevelopmentinthecompressor,theairfoil-sectiondatapresented
maybedrawnupontogainaninsightintothegeneralbehaviorofthe
wakeofbladesections.Suchinformationconcerningthevariationof
thewakefullthicknessandthewakeminimumvelocity-beusefulfor
preliminarystudiesofblade-rowinterferenceeffects(relativeunsteady
motionsandwekeinteractions).Experimentalinvestigationsofwskepro-
filesrelativetorota.tingblader6wscanalsomakeuseoftheftmdamental
wakecharacteristicsofbladesections.Finally,theresultspointto
theimportantpartthatmaybeplayedbymixinglossesinthedevelopment
ofthetotal-losspicture’inthecompressor.

Inviewoftheverylimitedexperimentalinformationavailablefor
cascadesections,itisfeltthatadditionaldatawuuldbedesirableto
moreconclusivelydefinethedevelopmentof thewakeinthecascade.
I%rthermore,sincethecorrelationsobtainedhereinhaveallbeenbased
onlow-speedflow,theeffectofco~ressibilityonthewakedevelopment
shouldbedeterminedinordertopermita moresignificantapplication
tothecompressorconfiguration.Itisknownthatsuchwakecharacteris-
ticsasformfactorandmixingloss,forexwqple,willvarysignificantly
withlocalMachnunber(refs.2 and18).Informationconcerningtheef-
fectsofchangingfree-stresmturbulencelevelandblade-chordReynolds
nurikronthewakedevelopmentsshouldalsobeofinterest.

LewisFlightF&opulsionLaboratory
NationalAdvisoryCommitteeforAeronautics

Cleveland,Ohio,June18,19!56
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APPENDIXA

TREORETIC!ALVARIATIONOFWAKEPROPERTIES(e/C),~,and ~

Thetheoreticaldownstreamvariationsofsuchwakepropertiesas
themomentum-thicknessratio(e/c)x,themomentum-thicknesspsrameter
& thetotal-pressureloss(&~x,andalsothevsriationoftheoutlet
flowsnglePx are%asedonamodeloftheoutletflowatanyarbitrary

E
tistancedownstreamofthecascade(withindmutl+chordlengths)as o

illustratedinfigures1 and2. Specifically,theassumptionsmadein
thedevelopmentoftheequations(asinref.1)are: (1)theflowis
two-dimensionalandincompressible,(2)theinletflowisuniformacross
thebladespacing(y-direction),(3)theoutletstaticpressureandflow
angleareconstantacrosstheentirebladespacing,(4)theoutlettotal
pressureisconstantinthefreestreamoutsidethewake,and(5)the
outletfree-streamtotal.pressureisequaltotheinlettotalpressure.

Momentum-ThiclmessRatio

Forthetypeofflowillustratedbythetheoreticalflowmodelof
figures1 and2,considerationofaxialmomentumrequiresthat d

/2
.

r
Pv:>x@+ SPX= constant

. -s/2
(Al) “

FtromtheBernoullieqyation,sincePx isconstantinthedirectionof
YJ

p~=

=

Substitutingfor px in

ps/2

Px-+pv:= PO,x
1 V2

-~po,x

constant1 V2
-~po)x

(Al)from(M)

J Pv:,xw - s;Pvg>x= constant
-s/2

(A2)

v

,,or

..- . . -_-— —- ----- -.
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.

.

.c.s2px[-Jy-(crl’j

(A3)

= COS2BX(6

Since

and

equation(A4)becomes,with

- ey,x-%,x) (A4)

ex= ey,xCospx

<=$,XCOS px}

a = Cjs,

(M)

. ... .. .—. . .. . . ~ .-, —.. — —— . .- —— —-- —--
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/2

10
v&2@= scosPx

-s/2 ‘
~os ,*-(g)x.-(%)xj

[
= s Cos& ~s & -. (:)xO + %] (A6)

Ehibstituting(A6)into(A3)gives

Fortheconservationofmomentumin

/2

Lr
Vz,xvy,xay=

-s/2

FYom(AS)

they-direction,

constant

ps/2Js/2
Vz,xvy,xw= t= fh

J
m,I@

-s/2 . .s/2

J(J42 v 2
=V:,xtsm& z,x

-s/2‘0’

Then,using(A6)in (A9)gives

(A8)

dy= constant

(M)

[
Vg,xsin & CosPx-. (:)xo+“%J=cons.=. Wol

Fortheconservationofmassflow,

J’s/2
vz,x@=

-s/2

Fromequation(AU)

J

“

constant (All)

. ...— — .—. ..— -
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“

.

.

#c

<

/2

r

/2 ~x
Vzjxdy=vo,xCos5X

J [f;$-&)q
—4@=vo,x Cospxs

-s/2 Vo,x-s/2

=Vo)xCosBx(s - y,x)= Vo,x [Cos,x - .(g)x]=comt=,
or

Vo,x[cosf!x-.(~)x~]‘cons.=. (A12)

Vo)x canbeeliminatedfromequations(A7) and(AIO)bytheuseof
equation(A12)togive

[
Cospx Cos J3x-.(:)X(l+%)]-;

r () ]2
= constant (A13)

Cospx- a :x%

and

[
sinf3xcos~x-u(:)x (l+%)] ~~

[

2 = constant

() ]

(A14)
cos~x-u~Hx

x

Eqpations(A13)and(A14)providetw?equationsinthethreeun-
wo- (o/c)x2%J and Px forgi=n valuesoftheconstants.Theval-
uesoftheconstantscanbedeterminedfromaknownsetofvaluesofthe
variablesatanystationx. Forthecalculations,thereferenceloca-
tionwastskenatthetrailingedge.Thus,theconstantsinequations
@13)and(A14)weredeterminedasthequantitiesintheleftsideofthe
equationsatthetrailingedge,stationte.

Ofthethreeunknomsinequations(A13)and(A14),~ hasalready
beendeterrdnedempiricallyasa fbctionof ~e and.x/c inegyati~
(5).Therefore,withthisprescribedvariationof ~, equations(A13)
and(A14)canbesolvedbya doubleiterationprocessforthevariation

...- . .... —-.. .- ___ .— .-— — -. —.. .. .. —
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of (6/c)xwith X/C foranysetof

.

trailing-edge
and(O/c)te.Solutionsfor(e/c)x,however,
asindicatedinthesucceedingdevelopments,
equationsintermsofthemomentum-thickness

NACATN

conditions}Bte>

3771

Qe> J
canbeobtainedmorereadily, .

fromconsid~rationofthe .
parameterex.

Momentum-ThicknessParameter

Themomentum-thicknessparameterax isdefinedas

ax=

Intermsof 3X,equations(A13)

and

l?iththeuseof
(A16)and(A17)

l-ax(l+HJ-

e() a
ax Cos&

and(A14)become,respectively,

1
2 COR!+L

-A = constant= K1
(1- 6*)2

sin~x[1 - ~x(l+ HX)I. Constmt ~

Cospx(l- 8*)2 . =

(A15)

(A16)

(A17) 4

.,

theparemeter~x>& canbe eliminatedfromequations
togive

.
(A18)

Equation(A18)canbe solvedfor 6X bya singleiterationprocessfor
theprescribedvariationof ~ (eq.(5))anda setoftrailing-edge
conditions,~e) ~te)~d pte.

OutletFlowAngle . ‘

Thevariationofoutletflowanglepx canbereadilydetermined
fromeitherequation(A16)or (A17).Mom equation(A17),forexample,
itisobtainedthat

!.

.!

.- . . .
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Valuesof & asa functionof
‘f Pte)~ej ‘d $te fromthe
(A1.8))and ~ (fromeq.(5)).

Xjc arethencoqputedforfixedvalues
downstreamvariationsof 6X (fromeq.

Furthermore,fromthevariationsof 6X ~d ~x determinedfrom
equations(A18)and(A19),respectively,fsmi~esofcurvesof (0/c)x
againstx/c canbeobtainedforfixedvaluesof ate,~e, and pte
by varyi~ a and(e/c)teSOthat @/c)te = ~tecos~te.

.

. .. . . ._ ___.—. .—— .—— _ — —— -.— —- .——
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MASS—A~ AI’$DAREA-A=GEOTO!WL-PRESSUREDEFECT

Thearea-averageddefectintotalpressureinaplanenormalto the
axial direction(figs.1 and3)isgivenby

J’s/2@A =+ (PO-p)@ (Bl)
-s/2

or,fromconsiderationoftheBernoulliequationandthepressurevaria-
tionsoffigure2,by

J%g(V8-v2)ay&“ = :
-%,y

(B2)

—

Fortheanalyticalwakevelocityprofilesoffigure15,sincethepro-
filesaresymmetricalaboutthepointofminimumvelocityat y = O,
equation(B2)canbe expressedforthehalfwakeas

(B3)

where

Themass-averageddefect

~ = Y/@y@

intotal.pressureisgivenby

r/2pvz(Po- P)ay
J Pv#Y
-s/2

or,forthesymmetricalprofile,sincep isconstantalongy,by

(B4)
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“

.

“

J~/2
&y+$(s.6#

o

%
-zrLIY+*( S+)

Vo
o

(B5)

Theratioofmass-averagedtoarea-averdgedtotal-pressuredefectis
then obtainedfromequations(B5)and(B3)as,since~/s = b/sn,

Equationsfortheaveragingratiosoftheanalyticalwake

(B6)

velocity
profilesoffigures15(a)to (d)asdeterminedfromequation(B6)are-. .
givenintsble-lll.- -
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TABLE II. - ~CATION Iwo!AFOR 120LAT2DAIRFO~

!um- Mrfoil Angle chord M. Tent ti- LOoatlonof
mr eeation or at- length,mm

T&l&c@ yMr:r- .99
f%oille Olmrd

teok, in. tNck- Reynolde
deg

%.%%. m.. - “
neBB to number

Ilatiol

Ohord
uf!ed

ratio

12 JmikvwBki o 20 0.12 4! x 2, 4.2,105 (J, .W5, .~l,
wind

probe 8
.10,.25, trav-

17

tunnel .5,.75 erBe

13 Jouhweki 6 20 .12 4, x 2, 4.2 0,. W5, ,026,
wind

Protm 8 0
.10, .25,.50 trav-

eree

14 Pleroyl#40 o 20 .12 41 x 21 4.2 0,.005,.025,
Hind

R?obe 16 0
.10,.26,.50

tunnel
trav-
erse

15 Plerq 12/40 s 20 .12 41 x 21 4.2 0,.005,.C2s, Probe 16 h
wind .10,.25,.40 trav-
tluulOl R3ma

16 wingBaOtiOn - -- .20 wind --- .042,.2s, Probe 17 n
tutulel .659,.980 trav-

erBe

17 M2Wraft - 60 .10 Blight 50 .IX)5,,060,
Wiwg

Probe 17 0.103,.148 tmav-
erae

18 NACA 0009 0 72 .09 Full- 50 .05,.10,.15,.30, Pblltl- g u
soale .60,1.0,2.0 tube
wind
tunml

19 NMA 0012 0 i%? .12 ml- 50 .05,.10,.15,.30, Mll’ti- 9 0
mela .60,1.0,2.0 tube
wind
tunnel

rake

20 NAOA c018 o 72 .1.9 Rull- 50 .05, .10,.15,.30,&lli- 9 0
❑oele .60,1.0,2.0
wind
tuipel

rake

’21 NACA0012 rm 72 .12 rull- 50
‘%-

.06,.10,.15,.30,&ll;i- 9 0
male 1 .0,2.0

0.78 Wlml
tunnel

rake
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